Abstract. Nucleofugalities of pentafluorobenzoate (PFB), 2,4,6-trifluorobenzoate (TFB), 2-nitrobenzoate, and 3,5-dinitrobenzoate (DNB) leaving groups have been derived from the solvolysis rate constants of the corresponding X,Y-substituted Z-benzhydryl benzoates in 60 % and 80 % aqueous acetonitrile and 60 % aqueous acetone, by applying the LFER equation: 
INTRODUCTION
A heterolysis step in S N 1 solvolytic displacement involves generation of a leaving group (nucleofuge) that departs with its bonding electrons, and a carbocation (electrofuge) that departs without an electron pair. It is convenient to express the leaving group effect on reactivity with its nucleofugality (N f ) and the effect of the carbocation structure on reactivity with its electrofugality (E f ). These are kinetic terms developed on the solvolytic behavior of benzhydryl derivatives.
1,2 Since the effect of the leaving group on reactivity depends on solvent, mostly due to its differential solvation, the nucleofugality has been defined for a combination of the leaving group and the solvent. Because of the linear correlation between the logarithms of solvolysis rate constants and electrofugalities of generated benzhydrylium ions, the S N 1 reactivity of any benzhydryl derivative in a given solvent can be estimated semiquantitatively according to the following three-parameter LFER equation: 
in which: k is the first-order rate constant for S N 1 reaction, f s (slope of the log k / E f correlation line) and N f (nucleofugality; negative intercept on the abscissa) are the nucleofuge specific parameters, and E f is the electrofugality parameter. 2 Predefined parameters are f s = 1.00 for the chloride nucleofuge in pure ethanol and E f = 0.00 for dianisylcarbenium ion. Accordingly, the reactivity of a given nucleofuge in a given solvent is defined with two variables, the slope parameter ( f s ) and the nucleofugality (N f ), whose product ( f s × N f ) corresponds to solvolysis log k of its dianisylmethyl derivative at 25 C. The nucleofugality parameters (N f and f s ) for numerous leaving group/solvent combinations have already been defined using Equation (1), constituting a comprehensive nucleofugality scale. [2] [3] [4] It should be mentioned that the f s parameters mostly range from 0.8 to 1.2, so the sole N f parameter indicates the reactivity of the given leaving group reasonably well.
Benzoates have widely been used as leaving groups in solvolytic reactions because their reactivities can be altered with a variation of the substituents on the phenyl ring. Whereas benzoate anion constitutes a poor leaving group, benzoates with electron-accepting substituents enhance the solvolytic reactivity. Thus, in most solvents p-nitrobenzoates solvolyze about one order of magnitude faster than the corresponding benzoates, while 3,5-dinitrobenzoates solvolyze faster for about two orders of magnitude. 2 We have recently investigated the S N 1 reactivities of substituted benzoates in aqueous alcohols by measuring the heterolysis rates of X,Y-substituted benzhydryl benzoates. 4 We have also presented the method for
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estimating the nucleofugality of given benzoates by correlating experimental barriers (∆G ‡ ) for solvolysis of benzhydryl benzoates with enthalpies of activation (∆H ‡ ) of model reaction, obtained by quantum-chemical calculation.
According to the method, twelve Z-substituted benzoates (Z represents one or more substituents on the phenyl ring) have been chosen for reference leaving groups which are as follows: benzoate (Bz), pentafluorobenzoate (PFB), trifluorobenzoate (TFB), 2-nitrobenzoate, 3-nitrobenzoate, 4-nitrobenzoate (PNB), 3,5-dinitrobenzoate (DNB), 4-cyanobenzoate, 2-trifluoromethylbenzoate, 2-methoxybenzoate, 3,5-dichlorobenzoate and 2,4,6-trimethylbenzoate. For experimental reference data the Gibbs free energies of activation (∆G ‡ ) for solvolysis of dianisylmethyl derivatives (X = Y = OCH 3 on Scheme 1) of the 12 reference benzoates at 25 °C in 90, 80 and 70 % aqueous ethanol have been taken. For the computed model reaction, the epoxy ring formation starting from 2-oxyethyl Z-benzoate has been chosen (Scheme 1). Geometries of the substrates and the corresponding transition states for the all 12 model reactions have been optimized at the B3LYP/6-311+G(2d,p) level of theory using polarizable continuum (PCM) that mimics water as a solvent. In this work we have extended our investigation of solvolytic behavior of benzoates further, to mixtures of water and aprotic solvents such are acetone and acetonitrile. Nucleofugalities of various benzoates in these solvents have been determined either experimentally or by applying the above mentioned model. Furthermore, the effects on reactivity of these solvents have been compared with the effects of aqueous ethanol mixtures as well as the effects of the benzoate substituents on reactivity.
EXPERIMENTAL Substrate Preparation

4,4'-Dimethoxybenzhydryl 3,5-bis(trifluoromethyl)benzoate.
A solution of 3,5-bis(trifluoromethyl)benzoyl chloride (0.79 g, 2.9 mmol) in anhydrous benzene (10 mL) was added dropwise to the previously prepared solution of 4,4'-dimethoxybenzhydrol (0.50 g, 2.1 mmol) and pyridine (0.45 g, 5.7 mmol) in anhydrous benzene (30 mL). The reaction mixture was stirred over the night under the atmosphere of argon at ambient temperature. Precipitated pyridinium chloride was removed by filtration and the excess of pyridine was removed by 10 % hydrochloric acid. The benzene layer was separated and washed with water. After drying over anhydrous sodium sulfate, benzene was evaporated in vacuo. The crude product was dissolved in diethyl ether (30 mL) and then about 30 mL of concd. aq. NaOH was added. The mixture was stirred for 1 h, and then the organic layer was separated and washed with water. After drying over anhydrous sodium sulfate, the solvent was removed in vacuo to give pale-yellow oil (0.71 g; yield 71.7 % 
4-Methoxy-4'-phenoxybenzhydryl 2-nitrobenzoate
4-Methoxy-, 4-methoxy-4'-methyl-, 4-methoxy-4'-phenoxy-, 4,4'-dimethoxybenzhydryl 3,5-dinitrobenzoate and 4,4'-dimethoxy 4-nitrobenzoate
Kinetic Methods
Solvolysis rate constants were measured conductometrically. Freshly prepared solvents (30 mL) were thermostated (± 0.1 °C) at a given temperature for several minutes prior to addition of the substrate. Typically, 30-60 mg of substrate were dissolved in 0.10-0.15 mL of dichloromethane and injected into solvent. An increase of the conductivity during solvolysis was monitored automatically by means of a WTW LF 530 conductometer, using the Radiometer 2-pole Conductivity Cell (CDC641T). Individual rate constants were obtained by least-squares fitting of the conductivity data to the first-order kinetic equation for 3-4 half-lives. The rate constants were averaged from at least three measurements. In order to achieve a complete ionization of a liberated acid a proton sponge base [1,8-bis(dimethylamino)naphthalene] was added. The typical molar ratio between the base and the substrate was between 1.5 and 12 depending on a combination of acidity of liberated benzoic acid and an employed solvent. Calibration showed the linear response of conductivity in the presented ranges of concentrations of the proton sponge base and benzoic acids liberated in examined solvolyses.
RESULTS AND DISCUSSION
Nucleofugality of Benzoates X,Y-Substituted benzhydryl Z-benzoates (Scheme 1) have been subjected to kinetic measurements. Solvolysis rates were measured conductometrically in aqueous acetone and aqueous acetonitrile at 25 °C. First-order rate constants are presented in Table 1 .
Logarithms of first-order rate constants (at 25 C) for pentafluorobenzoate (PFB) and trifluorobenzoate (TFB) in 80 % and 60 % acetonitrile, and for 2-nitrobenzoate in 60 % aqueous acetone and 80 % and 60 % acetonitrile have been plotted against the E f parameters of the benzhydrylium ions. 2 The plots are presented in Figure 1 . The nucleofugality parameters have been calculated from the correlation plots. The nucleofuge specific parameters, presented in Table 2 , have been obtained with high accuracy due to excellent correlations. It should be mentioned that the order of reactivities of Z-substituted benzoates in the mixtures of aprotic solvents and water are similar as in the series of aqueous ethanol, i.e., it has not been observed significant difference in solvolytic behavior of any Z-benzoate in two solvent systems. As mentioned above, the correlations of the experimental ∆G ‡ for solvolysis of reference dianisylmethyl benzoates and the calculated ∆H ‡ for the epoxy ring formation starting from 2-oxyethyl benzoates enabled interpolating the reaction rates of a vast number of benzoates in aqueous ethanol mixtures. 4 To assess the experimental barriers of the reference benzoates, we have determined the rates of some more dianisylmethyl Z-benzoates in 60 % and 80 % aqueous acetonitrile and 60 % aqueous acetone. The first-order rate constants are presented in the bottom half of Table 1 To justify the method, we extrapolated the rate constants of the 13 reference dianisylmethyl benzoates in aqueous acetone and acetonitrile from ∆H ‡ of model 2-oxyethyl benzoates using the ∆G ‡ exp vs. ∆H ‡ calc correlation lines and calculated deviations from the experimental data (Table 3) . We also calculated the corresponding nucleofugalities by Equation (1) for the reference benzoate nucleofuges in given solvents, taking the experimental f s where available, or the f s values of benzoates having similar structure (see below). Data presented in Table 3 illustrate high accuracy of the model, indicating that most deviations between the calculated and experimental rate constants for solvolysis of dianisylmethyl benzoates, as well as between corresponding calculated N f values and the experimental N f values, are in the limits of the experimental error. Our further aim was to estimate the barriers and the rate constants for solvolysis of a vast number of variously substituted benzoates in aqueous acetonitrile and acetone based on the correlation presented in Figure 2 , and to extract the corresponding nucleofugality parameters. To define the reactivity of benzoates for which experimental reactivities are not available, we used the computed ∆H ‡ values for the epoxy ring formation 4 Table 4 ).
In summary, the nucleofugalities (experimental and calculated) are now available for the spectrum of about 80 substituted benzoates in aqueous ethanol, 4 acetone and acetonitrile, which covers the reactivity range of seven orders of magnitude. The most reactive benzoate leaving group examined here is pentacyanobenzoate, while the least reactive is 3,4,5-triaminobenzoate. Taking the earlier published electrofugality parameters, 2, 6 numerous N f data available now ultimately enable predicting solvolytic reaction rates of large variety of aryl and alkyl benzoates according to Equation (1).
The reliability of the results obtained with the above-presented model is illustrated with the Hammett diagram by two aspects. Plotting the calculated rate constants for heterolysis of dianisylmethyl Z-benzoates against the sum of the Hammett σ parameters (Figure 3 Croat. Chem. Acta 85 (2012) 585. 
Effects of Z-Substituents on the Reactivity of Benzoates
The ∆G ‡ exp vs. ∆H ‡ calc correlation lines obtained in various solvents are not parallel, indicating that the Zsubstituents in different solvents influence the reaction barriers of the heterolysis reactions of benzhydryl benzoates differently. Slopes of the plots depend on solvent polarity in a way that they decrease as the fraction of water in a given solvent series increases. Thus, while the slope in 80 % aq. acetonitrile is 0.95, it is 0.88 in 60 % aq, acetonitrile. Similar results have been obtained in a series of aqueous ethanol mixtures (slopes are: 0.97 in 90 % aq. ethanol, 0.93 in 80 % aq. ethanol, and 0.91 in 70 % aq. ethanol, respectively). 4 This observation can be rationalized if the degree of charge separation in TS of the heterolysis step is considered. In a less polar solvent a reaction is slower, hence the charge is more separated in the later transition state, i.e. the TS is more carbocation-like than in a more polar solvent. The effects of the Z-substituents on reactivity come from more or less polar interactions (field effect and inductive effect) with the generated negative charge in TS. Therefore in the less polar solvent, where the charge in TS is separated more, the impact of the Zsubstituent on the barrier is more important than in the more polar solvent, and the Z-substituents cause more pronounced change of the reaction barriers for the heterolysis of benzhydryl benzoates than in the more polar solvent. 
